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Coupling an epitaxial quantum dot to a fiber-based external-mirror microcavity 
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We report the coupling of individual InAs quantum dots (QDs) to an external-mirror microcavity. 
The external mirror is bonded to a fiber and positioned above a semiconductor sample consisting of 
a QD-containing GaAs layer on top of a distributed Bragg reflector (DBR). This open cavity can be 
rapidly tuned with a piezoelectric actuator without negatively affecting the QD linewidth. A mirror 
radius of curvature of 42 \mi and a cavity length of 10 li-m enable good mode-matching and thus 
high collection efficiency directly into the fiber. With an improved finesse this system may enter the 
strong coupling regime. 

PACS numbers: 78.47.+p, 78.67.Hc, 42.50.Pq, 78.55.-m 



Within the past decade, single-emitter based cav- 
ity quantum electrodynamics (QED), long restricted to 
atoms and ions, has become a major topic of solid-state 
physics research, taking advantage of "artificial atoms" 
such as semiconductor quantum dots (QDs) ,1^121211111 
Cooper-pair boxes,!^ and impurity centers.!^ In the near- 
infrared region, the strong coupling between a single QD 
and a single cavity mode has been demonstrated using 
micropillar,"^ photonic-crystal defect and microdisli'* ^ 
cavities, and several other promising designs are being 
pursued.!^ These approaches all have one thing in com- 
mon: the cavity is fabricated permanently around the 
QD, making very small mode volume, V, and there- 
fore very high cavity-emitter coupling rates, g oc l/^/V, 
possible. However, these benefits come at the cost of 
quality factor, Q, and severe restrictions on cavity tun- 
ability. For example, sample heating is the most com- 
mon method used to bring a QD transition in resonance 
with a single cavity mode. But besides being a very 
slow method, the tuning range is limited at elevated 
temperatures by phonon scattering that increases the 
QD linewidth, 7. The proximity of QDs to etched sur- 
faces is also known to increase 7.^'^ While these draw- 
backs have not hindered initial proof-of-concept demon- 
strations of weak and strong coupling, they make fur- 
ther progress very difficult, and require heroic efforts 
for spatial and spectral tuning.ED These difficulties likely 
contribute to our limited understanding of off-resonant 
QD/cavity coupling,!^ and prevent the realization of ad- 
vanced cavity-QED phenomena such as single QD lasers 
and multiphoton interactions.'^ 

Because of the record-high finesse of traditional macro- 
scopic Fabry-Perot cavities and the rapid development of 
micromirror technologies, an external- mirror open cavity 
design offers an attractive way forward. Micromirrors 
have been used for many years in atomi c physics, either 
fabricated on, or bonded to a fiber ,1^^*^ achieving mode- 
volumes as low as 600 |J.r7i^ and a finesse as high as 37 
000.'^ For InAs QDs with dipole moments of d « 10 
Debye coupled to the single mode of such a cavity, this 
translates into a coupling constant f//27r of several GHz, 
exceeding the QD linewidth, ^/2tt k, 1 GHz, as well as 



the cavity linewidth, thus reaching the strong coupling 
regime. 

Motivated by these possibilities we have implemented 
an open cavity that consists of a fiber-bonded micromir- 
ror of moderate reflectivity, and a planar distributed 
Bragg reflector (DBR) that contains the QDs. We show 
that it results in a stable cavity that is nearly mode- 
matched to the single mode fiber and is precisely tunable 
by a voltage applied to a piezo actuator. Employing the 
fiber eliminates alignment difficulties which have perhaps 
made prior QD open-cavity attempts unsuccessful."^ 
Through x ~ y — z nanopositioning of the semiconductor 
sample, we can maximize the spatial QD/cavity mode 
overlap, and macroscopically modify the cavity length, 
crucial for applications requiring doubly-resonant cou- 
pling, such as entangled photon sources based on exciton- 
biexciton emission each coupled to a different cavity 
mode. For a cavity length of « 10 |xm, we collect into the 
fiber about 10 % of all photons emitted by a single QD at 




FIG. 1: (Color online) Schematic of external-mirror micro- 
cavity. A non-resonant pump laser is introduced into the fiber 
to excite the QDs, and the QD emission is collected into the 
same mode. The distance between the sample and the curved 
mirror (radius R) is precisely controlled with a piezo actuator 
to tune the cavity. 
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7 K. This collection efficiency exceeds by several orders of 
magnitude the collection achieved from QDs in a planar 
optical cavity using a high numerical aperture (NA) mi- 
croscope objectiveP^Our open cavity approach thus also 
constitutes a spectroscopic tool in itself, and a promising 
means of entangling the state of a single photon with a 
QD exciton which requires the capability to collect all 
photons spontaneously emitted, or conversely the com- 
plete extinction of an input laser by a single exciton.^ 

The semiconductor sample was grown by molecular- 
beam epitaxy and consists of thirty-two quarter-wave 
pairs of alternating layers of GaAs and AlAs, and a 4A/n- 
thick GaAs spacer which contains the QD layer at its cen- 
ter. A = 920 nm is the target wavelength, and n is the 4 
K index of refraction. The QDs are a dilute ensemble (ss 
10 |j.m~^) of strain-induced InAs islands, emitting in the 
range 880 nm to 980 nm. The reflectivity of this sample 
was chosen to be larger than that of the external mirror, 
resulting in an unbalanced cavity favoring emission into 
the collection direction. The fabrication of the external 
mirror is based on a modification of a previous desigd^ 
that uses transfer coatings.— To obtain very small radii 
of curvature, convex microlens arrays etched into fused 
silica were used as a source template. The coating, con- 
sisting of a release layer and a Si02/Ti02 dielectric stack, 
was deposited onto the template. The coating is highly 
reflective in the range 850 nm to 950 nm (r « 99.7 % 
at 920 nm), and transmissive for A < 830 nm. A single 
mode fiber is aligned with a microlens and attached to 
the coating with transparent epoxy. Upon pull-back of 
the fiber, the coating is separated at the release layer and 
transfered onto the fiber as a concave mirror. The fiber is 
then positioned above the semiconductor sample and the 
entire assembly immersed into a He bath cryostat filled 
with He exchange g depicted in Fig. 1. 

To characterize the cavity we introduce a narrow 
linewidth continuous-wave laser into the fiber and mea- 
sure dips in the reflected signal as the spacing between 
the concave mirror at the flber tip and the semiconduc- 
tor sample is varied with a piezoelectric actuator. Alter- 
natively, the cavity mode spectrum can be observed in 
photoluminescence (PL) under strong above-band pump. 
For excitation we use either a HeNe laser or a picosecond 
pulsed Ti:sapphire laser at « 790 nm that generate car- 
riers non-resonantly in the GaAs matrix that surrounds 
the QDs. Emission from QDs at or very near a cavity 
resonance is collected directly into the single mode fiber. 
Spectral measurements of this emission are performed 
with a spectrometer and a liquid Nitrogen-cooled charge 
coupled device (CCD) detector. 

Figure 2(a) shows PL mode spectra for different cav- 
ity lengths, Leff. L^ff, calculated from the measured 
free-spectral-range, FSR = c/2Le//, includes the four- 
wavelength QD containing spacer (optical thickness « 
3.7 \m), the He gas gap, and the height h ~ 2 \x.m of 
the concave mirror. The radius of curvature of the latter 
is nominally i? = 42 |xm. In Fig. 2(a), the evolution of 
the spectra is shown when finely tuning the cavity length 
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FIG. 2: (Color online) (a) Photoluminescence (PL) spectra 
of the cavity with varying cavity size subject to strong HeNe 
laser pumping, (b, c) Reflection signal of narrow band laser 
as the cavity size is changed around L « 10 \im. A funda- 
mental lateral cavity mode as well as the corresponding first 
higher-order lateral mode are seen, as in PL. The cavity Q 
is determined by scanning the laser frequency over the reso- 
nance. 



around 10.5 ixm (bottom), 20 |J.m (middle), and 47 [im 
(top). The FSR decreases with increasing cavity length, 
and at Lef f — 4:7 [xm the cavity is at the edge of stability, 
as expected when concentric {L = R); when L > 47 |J.m 
no PL is observed. 

High resolution reflectivity measurements are shown in 
Fig. 2(b) and (c). Leff is scanned around « 10.5 [im 
while the reflected laser intensity is collected at fixed laser 
frequency. By means of changing the laser frequency, the 
full width at half maximum of the fundamental mode was 
determined to be Aiy = 14.3 GHz, and thus Q = i^/Ai/ — 
23 000. The cavity finesse, J" = FSR/Aiy, is about 1000. 
For this ca vity size, the spot size at the waist evaluates 
to wq — \/A((i? — L^f f)Lf.f fYf^ /tt = 2.3 |i.m, and the 
mode volume is = nw^Lef f / 4— 44 \im? . This value 
is larger than those obtained for fully-integrated micro- 
cavities, but for cavity QED effects to manifest, a very 
high Q can be advantageous over very small V , so long as 
the cavity linewidth exceeds that of the QD.^i^l R could 
in principle be decreased further, and so far we have em- 
ployed micromirrors with a radius as small as i? = 34 
(im. As in previous studies using transfer coatings, we 
conclude that surface roughness of the mirror currently 
limits the cavity Finesse. Alternate approaches for ob- 
taining higher finesse have already been demonstrated.'^ 

Using the above cavity configuration, single QD res- 
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FIG. 3: (Color online) (a) PL spectral map (high resolu- 
tion) of the cavity with varying cavity length subject to mod- 
erate HeNe laser pumping. The inset shows the lineshape 
of the narrowest QD resonance encountered, resolved with a 
scanning Fabry-Perot interferometer, (b, c) Zoom into three 
QD/cavity crossings, labelled QDl, QD2, and QD3. The PL 
spectra, offset for clarity, were recorded for detunings ranging 
from about -150 GHz to +150 GHz. 



onances are easily measured, provided the pump laser 
intensity is not much larger than the QD saturation in- 
tensity. These are represented in a large area map in Fig. 
3(a). Detailed spectra are shown in Fig. 3(b) and (c) 
for the regions circled in Fig. 3(a), labelled QDl, QD2, 
and QD3. When the mode is resonant with a single QD 
transition the QD emission is drastically increased. It is 



also much larger than the emission obtained from QDs in 
planar microcavities with a microscope objective. High- 
resolution measurements with a scanning Fabry-Perot in- 
terferometer reveal QD spectral resonances as narrow as 
about 0.5 GHz [inset of Fig. 3(a)], verifying that the 
external mirror does not deteriorate the linewidth. 

We have measured a small decrease in PL lifetime on 
resonance compared to off- resonance, indicating the on- 
set of cavity QED phenomena, i.e. the Purcell effect.'^Eni 
However, the strong signal is primarily due to a good 
matching to the mode of the fiber, evident from the sig- 
nificant reflectivity dip in Fig. 2(b, c). The spot size 
at the curved mirror, wi — 2.7 |xm, is in fact very close 
to the waist accepted by the fiber (NA ^ 0.11). We ob- 
tain about 10^ detector counts per second under pulsed 
non-resonant pumping at 76 MHz while g'^'^Ho) < 0.5 
holds {g^'^^r) denotes the second-order correlation func- 
tion of the emitted light). Assuming that this pumping 
rate is distributed equally among both bright and both 
dark states, and accounting for the collection efficiency 
of our setup (measured to be « 14 %) and the detector 
efficiency (nominally 34 %), we calculate that as many 
as 10 % of all photons emitted are collected into the 
single mode fiber. This figure compares well with that 
achieved in micropillar cavitie^^Hl considering that no ef- 
fort has been made to optimize the angle between the 
sample and the micromirror, and that there is room for 
improvement. For instance, the beam is diverging at the 
fiber input, so perfect mode matching will require an ad- 
ditional lens between the fiber and the concave mirror. 
Resonant measurements under excitation with a Rabi tt 
pulse will also be needed for a better quantification of 
extraction efficiency. The open cavity design is in fact 
well-suited for such resonant excitation because it sup- 
ports waveguide modes for background-free detection of 
resonance fluorescence .^^^ It offers exciting opportunities 
for advanced quantum optical experiments that derive 
from strongly laser-driven effects as well as from cavity 
QED effects. 
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